City University of New York (CUNY)

CUNY Academic Works
Publications and Research

New York City College of Technology

2020

Fly Ash Based Geopolymer for High Temperature and High
Compressive Strength Applications in Aggressive Environment
Aaryan Manoj Nair
CUNY New York City College of Technology

Akm S. Rahman
CUNY New York City College of Technology

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/ny_pubs/580
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

CUNY RESEARCH SCHOLARSHIP PROGRAM

Fly Ash Based Geopolymer for High Temperature and High Compressive Strength
Applications in Aggressive Environment
By

Aaryan Manoj Nair
Mentor
Dr. Akm S Rahman
Assistant Professor, Mechanical Engineering Technology
Director- Composite and Biomaterials Laboratory
New York College of Technology

Mechanical Engineering Dept.

Aaryan Manoj Nair

CRSP Research Program

Table of Contents
1. Abstract
2. Acknowledgements
3. Introduction
4. Method and Materials used to prepare the samples
5. Background Information and Hypothesis
6. Procedure for measuring the compressive strength
7. Safety Procedure
8. Results and Data Analysis
9. Comparison of data with comparative alternate research
10. Impact on Sustainability
11. Conclusion, Evaluation and Future Improvements
12. Bibliography and Further Reading

1

Mechanical Engineering Dept.

Aaryan Manoj Nair

CRSP Research Program

Abstract
Geopolymers are the results of geosynthetic reactions between aluminosilicates and strong bases.
This results in chemical bonds between aluminum (Al), Silicon (Si)and oxygen (O) composing
polymer rings in tetrahedral coordination. These bonds give them widespread useful applications
such as high heat bearing ceramics, and base construction material whilst being far more
environmentally conscious. The purpose of the experiment is to examine the effect of Silicon
Carbide whisker and inorganic glass particles on thermal and mechanical properties of
Geopolymers. This study will help understand the effect of various compositions and
concentrations of SiO2 in mechanical strength. In this experiment, the major source of
Aluminosilicate material to make the geopolymer paste was fly ash, potassium hydroxide,
Potassium silicate, Glass silica and water. A variety of concentrations of Silicon Carbide Whisker
and glass particles will be added into geopolymer paste in order to evaluate their performance
specifically on compressive strength and thermal conductivity. These are essential properties of
cementing materials in energy or heat extraction process. Therefore, the material under
investigation has potential for geothermal energy extraction and subterranean structures.
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Introduction
The existing base construction material Ordinary Portland Cement (OPC) received much
criticism for the sheer quantity being manufactured and for the atrocious effect it leaves on the
environment. The Portland Cement Association estimates that global usage as of 2018 is upward
of 4 billion metric tonnes of cement, fueled by industrialized nations as China, US, and India. In
fact, China was the largest manufacturer of OPC using 2500 million metric tonnes as of 2014.
With cement being largely made of finite elements in nature, and environmental concerns
ranging from ocean acidification to the large amount of CO2 released upon its manufacture.
Recent data shows that OPC binders in concrete contributes to around 7% of global
anthropogenic atmospheric CO2 emission. The environmental viability stems from the aspect
that Geopolymers are largely made from industrial byproducts and can reduce our collective
global footprint. They also release 80% less CO2 than OPC making them a far more viable
solution. Through the course of the experiment, the purpose of the experiment would be to
examine the "Effect of Silicon Carbide and inorganic glass particles on thermal and mechanical
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properties of Geopolymers" to understand whether various blends of SiO2 would show different
levels of mechanical strength.
The mechanical strength of a material is the measure of the stress a material can withstand. This
is usually split into yield strength and ultimate strength. This is tested by measuring the level of
deformation with proportion to the amount of force applied. The various limits of this can be
understood using a piece of copper below.

Before 1- Stress and Strain are
equal and proportional. They are
linked by Young’s Modulusσ

𝐸 = ε.
At 1- This is the limit of
proportionality. After this point,
stress and strain stop being
equal. It’s also called as the limit
of proportionality.
Figure 1- Illustration of stress strain curve for materials.

At 2- The Elastic Limit- The maximum deformation at which it can return to its original shape.
From 3 to 4- From this point, a small stress results in a large strain.
At 4- Ultimate Tensile Strength (UTS)- point where failure occurs i.e.- the breaking point.

Method and materials used to prepare the samples
4
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Geopolymers are usually made in a process where a source of Aluminum and Silicon (Al2SiO3, in
this case) hydrates with an alkali solution (KOH) to make the geopolymer paste. In this
experiment, the major source material to make the geopolymer paste was fly ash (which
functions as the binder). Common binders for Geopolymers include materials such as
metakaolin, Blast furnace slag, and Silicon fumes. There are even instances where a
combination of these materials are used to make geopolymer. For the purpose of this
experiment, we have used fly ash since fly ash is known to have displayed mechanical strength
comparable to that of hydrated Ordinary Portland Concrete (OPC). There were two different
proportions of Silicon Carbide added to the geopolymer to examine how mechanical strength is
altered by adding silicon carbide whiskers and/or particles. The silicon carbide whiskers and/or
particles act as a reinforcement into the geopolymer matrix on the microstructure. The samples
were prepared into cylindrical samples so that those samples could undergo mechanical
strength testing efficiently. These samples were made by preparing them in a mold, and then
curing them for a period of 8 hours at a temperature of 800o C in the oven. This ensure the
setting time required for enhanced mechanical strength.

Figure 2-Moulds used for setting the samples.
They are made from plastic injection printing
using additive manufacturing.
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Figure 3- Common binders for making Geopolymers. Each of them has their own
properties such as mechanical strength, ductility and electrical conductivity.

Hypothesis and background information
Usually, the compressive strength of concrete is very high, but its tensile strength (meaning its
ability to resist stretching, bending, or twisting) is relatively low. This is due to the idea that for
ductile materials, the compressive strength is almost equal to the tensile strength, however, for
brittle material (such as concrete and geopolymer) the compressive strength is significantly more
than the tensile strength. This is because of two major reasons. The first factor is that tensile
loads tend to encourage the formation and propagation of cracks, whereas compressive loads do
not. The second factor is that in brittle materials very little or no plastic deformation occurs to
redistribute stresses at existing flaws. This means that large stress concentrations build up at the
crack-tip, resulting in fracture, or failure. In ductile materials however, plastic deformation
occurs which relieves these localized multiple stress points.
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As with concrete, the geopolymer too is expected to show greater resistance to compressive
testing than tensile strength. For the purpose of this experiment, we have only tested the
compressive strengths and not tensile strength, since this is not a major parameter for concrete
either. Throughout the experiment, higher readings are expected to be received for the samples
with higher SiO2 particles embedded on the matrix of the microstructure of the geopolymer,
since SiO2’s extended covalent structure would give it increased mechanical strength.

Figure 4- Microstructure of a geopolymer embedded with the fly-ash particle. This
shows how the embedding on the microstructure might result in enhanced
mechanical strength.

Whem looking at the microscopic view, it can be seen that the fly-ash and the SiO2 both get
embedded, or integrated into the geopolymer macro-structure. Whether this embedding, or
doping results in enhanced strength on the micro-structure is the purpose.
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Figure 5. Geopolymer sample specimen

Procedure for measuring the Compressive strength
The compressive strength of this geopolymer is important because other types of strengthflexure, bond, and resistance to abrasion is directly co-related with compressive strength. The
Compressive strength of the geopolymer here was measured using the Applied Test Systems, Inc
screw driven load frame. The specimen is kept in a cylindrical shape and placed these specimens
in an enclosed aluminum environment and by applying a progressively increasing load at the top.
The Ultimate Yield Strength(UTS) was understood from the measured failure load. The tests
were compared with literature values.

Figure 6. Oven for heating and curing samples. They
can regulate a gradual increase to the desired
temperature over a long period.
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Safety Procedure
1. Throughout the process of making the blends, take care to use gloves, and a face mask to
avoid the risk of accidently inhaling since the fly ash is fine dust.
2. Take care to ensure that the cured samples are set a lower safer temperature before
getting in contact with them.
3. Take care to ensure the screw driven load frame is handled safely. Ensure the sample is
sealed in a secure manner.

Figure 7- Fly ash based geopolymer sample specimen.
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Results and data analysis
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Figure 8- Compressive Strength Graph

Compressive Strength Graph analysis
The first data results are for the Compressive Strength test. This was measured using the Applied
Test Systems, Inc screw driven load frame. The graph measures Compressive Strength
measured in Megapascal on the y axis and the two blends (GP + 0 vol% SiC and GP +2 vol%
SiC). Here the results show that GP+0 vol% SiC has a reading of 46.52±7.56 MPa while GP+2
vol% SiC has a higher compressive strength at 61.02±16.82 MPa. According to the US Concrete
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Mix Analysis dept, concrete’s compressive strength requirements can vary from 18 MPa for
residential concrete to 28MPa and higher for commercial structures. It can even exceed 70 MPa
for specialized applications. According to the results obtained, the geopolymer blends matches
and far exceeds the requirements for concrete making this a viable material. We can also
understand that with silicon carbide acting as a reinforcement into the geopolymer matrix on the
microstructure, there is improvement in terms of Compressive Strength. According to the
“Structural Evaluation of Fly-ash” by Shah, flexural load or compressive strength can be
modified by change in temperature during the curing and setting phase of the experiment. This
can be seen in the graph below.

Figure 9- This illustrates how curing thermal treatment could affect flexural strength.

Here, it is indicative how different temperatures being cured resulted in vastly different
mechanical properties. According to the graph, an optimal temperature was found to be around
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220o C. If the geopolymer requires a higher mechanical strength, a possible solution could be
curing as a future improvement.

Standard force Data Analysis
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Figure 10- This shows how standard force can vary for the two samples.

The next metric compared was the standard force for the two specimens. The standard force is
the amount of force exerted on the specimen and it is compared with the deformation undergone
by the geopolymer. Here, the point of failure for the GP+2 vol% SiC is 2411.21 N while for the
GP+0 vol% SiC there is a lower maximum reading of 1874.10 N. Thus, the GP+2 vol% SiC can
have bear 537.11N more of force before failure. Another aspect to consider is the shape of the
graphs themselves. A greater % of SiC results in the curve being sharper, suggesting greater
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brittleness. This results in the curve dropping sharply after fracture too, compared to the GP+0
vol % sample, which has a smoother symmetric drop.
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Figures 11. and 12- Deformation force for the two groups of specimens.
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Comparison of the two graphs
1. As can be seen from the two graphs, there are several interesting features to be made. In
terms of deformation force, there is very little separating the two graphs. The two highest
failure points both found for the GP+2 sample, however, the average readings means that
they both have very similar mean readings.
2. Graph 1 has significantly smoother curves while Graph 2 has sharper curves in general.
This suggests that the first set of samples have greater malleability compared to the
second set ( which is far more brittle) That means samples with SiC whiskers are more
brittle. This is not necessarily bad since they already exhibited greater mechanical
strength and higher failure load.
3. The third aspect to consider is the actual deformation itself. The first sample shows
deformation from 0.5 mm to 1.25 mm. In comparison, the second sample shows
deformation from 0.4mm to 3.6mm. This shows how sample 1 is more malleable and
how it has a higher tensile strength.

14

Mechanical Engineering Dept.

Aaryan Manoj Nair

CRSP Research Program

Figure 13- Instron screw driven load frame

Comparison of this data with comparative alternate research
According to Mercea D Botez and Lucian Dredean’s paper on “Plastic Hinge vs. Distributed
Plasticity in the Progressive Collapse Analysis” we can understand that C25/30 Concrete
exhibited 3600N before failure. This suggests that specialized concrete manufactured with the
purpose of increased mechanical strength would significantly exhibit greater mechanical strength
than the geopolymer samples. However, the brittleness which resulted in the sudden drop after
failure in our data was replicated very similarly on the alternate data too. This suggested that
higher strength oriented samples prepared would be displaying similar brittle properties
regardless of whether concrete or geopolymer was used. Here is the excepted graph from the
above stated paper.
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Figure 14- A comparison in compressive and tensile strength between S500 Steel and Geopolymer
Blend. (All credits for the above graph to “Plastic Hinge vs. Distributed Plasticity in the
Progressive Collapse Analysis”)

As can be seen here, the Geopolymer blend displays comparable mechanical compression testing
strength however falters in tensile testing. There is a distinct lack of symmetry in the
Geopolymer blend which is at odds to the S500 steel. This is because of two distinct factors at
play. The first factor is that tensile loads tend to encourage the formation and propagation of
cracks, whereas compressive loads do not. The second factor is that in brittle materials very little
or no plastic deformation occurs to redistribute stresses at existing flaws. This means that large
stress concentrations build up at the crack-tip, resulting in fracture. In ductile materials plastic
deformation occurs which relieves these localized stresses. Ductility can be dependent on
temperature. A lot of different types of steel for example are ductile at room temperature but
become brittle when the temperature drops to below the ductile to brittle transition temperature.
This transition temperature is an important design consideration, because ductile failure is
normally preferred to brittle failure.
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Impact on Sustainability
With the goal of reducing the overall Carbon footprint in the construction and manufacturing
industries, geopolymers will act as a direct replacement for industrial OPC concrete in the near
future. The blends prepared here are largely made from industrial byproducts collected from
factories- Metakaolin, blast furnace slag, fly ash and waste glass are all used heavily in the
manufacturing sector. Through the use of geopolymers, we are effectively reusing industrial
waste, whilst simultaneously reducing the production of concrete. While geopolymers cannot be
used as a direct replacement for materials such as timber, metals and reinforced concrete in
construction, they offer the flexibility in moderating the blends to achieve the required industrial
purpose. Much like industrial concrete, geopolymers can be reinforced with steel or other metals
to achieve the necessary mechanical strength and malleability. Concrete’s major strengths lies in
it’s good passive design, heat storage and high fire resistance level (FRL). Geopolymers have
been found to vary in flexural strength with temperature, making this not completely viable. The
paper “Structural Evaluation of Fly Ash Based Geopolymer Composites for High Temperature
Applications” by Shah suggests that flexural strength is dependent, and hampered by
temperature. The graph excerpted from the alternate research paper follows. Since a similar
blend was used in this research, the flexural load may prove to be dependent on the temperature
on these blends too.
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Figure 15- Graph of Flexure Load with temperature being cured. Referred from: “Structural
Evaluation of Fly Ash Based Geopolymer Composites for High Temperature Applications”
by Shah

Conclusion, Evaluation and Future Improvements.
Throughout the course of the experiment, the geopolymer samples were compared with literature
values of normal strength (ordinary) concrete and reinforced concrete. Most of the geopolymer
specimens significantly outperformed the normal strength concrete on the metrics of mechanical
strength and normal force bearing ability and even matched the reinforced concrete’s data values.
Much of the mechanical strength for the samples were derived from the fly ash- a major
component in OPC and most geopolymer blends. The increased use of SiO2 whiskers rather than
the GP+0 vol% SiC substantially increased the mechanical strength in the hydraulic screw driven
load frame. Thus, we can assume that the SiO2 whiskers being embedded into the matrix of the
microstructure of the geopolymer improved the mechanical strength. Brittleness, a major
drawback of geopolymers and industrial concrete was still found to be present in the geopolymer
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blends. As is with concrete, the geopolymer (if used for civic construction) would need to be
reinforced with iron to improve ductility, malleability and general workability.
To further improve the experiment, an increased number of samples with a larger number of
blends of silicon whiskers could have been studied. Also, reinforcement with iron could have
been studied to understand if the samples would show better workability. Lastly, we might gauge
a better understanding if the samples underwent both compression testing and tensile testing.
Another aspect which could be improved is the understanding of how flexural strength varies
with temperature.
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